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A viscous solver based on RANS simulations is used to numerically investigate 
flow physics as well as performance of wave energy devices used to harvest ocean wave 
power based on overtopping principle. Several validations have been done for VOF 
model and overtopping rates in comparison with laboratory experimental data, 
analytical solutions and a comparable study. The regular linear wave is utilized in the 
present study as an incident wave using dynamic mesh in which the generated wave 
profile is in satisfactory agreement with the linear wave theory. 
The baseline model is stationary buoyant overtopping wave energy converter in 
which several geometrical design strategies have been applied in order to study their 
effects on the wave energy harvesting mechanism and performance. The partial 
hydraulic efficiency based on captured crest energy is used as the main performance 
indicator in the present study. A design strategy in order to maximize the efficiency is 
applied by the mean of multi-stage reservoirs and their opening called slot at different 
crest heights. The hydraulic efficiency of different device layouts is compared with that 
of single-stage device to determine the effect of the geometrical design. Based on two-
- xiv - 
 
dimensional simulation, The results show optimal trends giving a significant increase in 
overtopping energy. The optimal efficiency is obtained at relative slot width of 0.15 and 
0.2 for variable slope and fixed slope devices respectively. Moreover, the use of 
adaptive slot width is studied. It has been concluded that the effect of adaptive slot on 
performance is unnoticeable. 
Results of two-dimensional simulations show that the design of overlap ramp has a 
slight effect on overall hydraulic efficiency whether the slot layout is adaptive or non-
adaptive. However, the partial efficiency is noticeably effected. Particularly, the larger 
overlap distance gives the greater hydraulic efficiency of the main reservoir and 
subsequently the smaller hydraulic efficiency of the lower ones. This seemingly 
influence on control strategy of power take-off unit. Additionally, the influence of 
submerged depth of multi-stage device installed on breakwater has been studied. The 
land-based device has greater efficiency in energy capture since the transmission wave 
is eliminated and is partly converted into overtopping energy. The deeper submerged 
depth results in the greater efficiency and finally tends to converge to a certain value. 
Three-dimensional simulations have also been performed and compared to the two-
dimensional results. The wider span or aspect ratio gives the greater capture crest 
energy. The result implies that further increasing the span, the efficiency tends to 
closely converge to that of two-dimensional device. 
 
KEY WORDS: Wave energy converter 파력발전장치; Overtopping 월파형; Multi-
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Chapter 1 Introduction 
1.1 Background 
The available energy resources in the world can be categorized into two kinds: Non-
renewable energy, i.e., oil or fossil fuels, and Renewable energy, i.e., solar, wind or wave 
energy. Over the past decades, renewable energy becomes one of the most interesting 
research topics. Marine renewable energy is huge and available in the forms of tidal, 
current, offshore wind, ocean thermal, and sea wave. 
Extracting energy from wave has advantage over other kinds of renewable energy 
because sea waves offer the greatest energy density compared to other renewable energy 
sources (Clément et al., 2002). Moreover, harvesting wave energy has little environmental 
impact. It has been estimated that the potential worldwide wave energy is approximately 2 
TW (Thorpe, 1999). In 2014, it is reported that there is 3,730 kW installed capacity of 
wave energy utilization in UK, 700 kW in Portugal, 296 kW in Spain, 180 kW in Sweden, 
200 kW in Norway, 350 kW in China, 500 kW in Korea, 16 kW in Singapore (Villate, 
2014). 
As a result of this, a large variation of concepts for wave energy conversion has been 
introduced worldwide (Drew et al., 2009), for example, overtopping device. Developers of 
Wave Energy Converters (WECs) have been focusing on maximizing the performance of 
the device by optimizing geometric design. The Overtopping Wave Energy Converter 
(OWEC) has an inclined wall, called ramp, to lift waves overtop and flow into a reservoir 
in order to raise the water head higher than the surrounding sea level. Then it 
simultaneously releases the stored water back to sea through power take-off unit, which 
generally is a low-head turbine. A well-known example of this device is the Wave Dragon 









Fig. 1. 1 Wave Dragon (Tedd and Kofoed, 2009) 
 
The performance of OWEC has been investigated by the means of experiments and 
numerical simulations (Liu et al., 2008b, Liu et al., 2009, Jin et al., 2012, Nam et al., 2008, 
Victor et al., 2011). Researchers have focused on the influence of geometry on the 
discharge, more precisely the volume flow rate into the reservoir, which directly 
determines the performance of an OWEC and consequently the generation rate of useful 
electrical energy. Fig. 1.2 shows the example of single-stage OWEC type which had been 
studied by Nam et al. (2008).  
Liu et al. (2008b) numerically studied the influence of sloping wall of the ramp and 
incident wave conditions, i.e., wave height and period, on the flow rate into the reservoir. It 
has been shown that the larger wave period results in larger discharge. The results also 
showed that, for the wave height smaller than the hydro head, the discharge is null within 
the parameter range considered. The slope also plays an important role in the volume 
discharge in which the smaller slope ratio gives greater discharge. This is later questioned 
by Liu et al. (2009b) who repeatedly conducted simulations to study the effect of wave 
conditions and slope ratio in more detail. The more recent study showed that the less slope 
gives smaller discharge than that of the steep one. 
The two-dimensional numerical simulation of different shape of sloping arm of OWEC 
has been presented by Liu et al. (2009a). Several incident wave conditions in combination 
with three types of sloping arm have been simulated. The convex type gives the best 
performance on the discharge whilst the concave type gives the lowest performance 
compared to the others. 
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The number of guide vane installed on the ramp has been also investigated by Jin et al. 
(2012) in a three-dimensional numerical wave tank. The results showed that the larger 
number of guide vane will increase the overtopping discharge resulting in an increase in 
performance of the device. Moreover, the effects of draft height, i.e., the underwater height 
of the ramp, were studied. The deeper draft can capture more wave volume, hence 
discharge enhancement (Jin et al., 2012). The disadvantage of deeper draft is that more 
wave load is acting on the structure and may cause an unpredictable damage. 
Victor et al. (2011) studied the effects of adaptive geometry control on the overall 
hydraulic efficiency and the overall hydraulic power of OWEC. The research focused on 
the effects of variable slope angle and crest freeboard on the performance of OWEC, base 
on wave characteristics collected from three nearshore locations: Ostend (Belgian 
Continental Shelf), MPN (Dutch Continental Shelf) and Fjaltring (Danish Continental 
Shelf). The effects of five difference geometry control scenarios have been simulated. The 
results showed that the effect of adaptive crest freeboard and adaptive slope angle are 
applied for each sea state in comparison with a fixed crest freeboard and fixed slope. It was 
shown that the effect of an adaptive slope angle is relative small whereas that of crest 




Fig. 1. 2 Spiral-reef overtopping device (single-stage OWEC type) (Nam et al., 2008). 
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In order to enhance the performance of OWEC, the use of multi-stage reservoirs, as seen 
in the Sea Slot-cone Generator (SSG), has been suggested and studied (Kofoed, 2005, 
Vicinanza and Frigaard, 2008, Margheritini et al., 2009, Tanaka et al., 2015) as shown in 




Fig. 1. 3 Graphics of SSG wave energy converter (multi-stage OWEC type) 
(Vicinanza and Frigaard, 2008) 
 
The relation between the wave energy and overtopping volume discharge has been 
presented by Tanaka et al. (2015) through experiments in wave tank. In these experiments, 
two types of the overtopping volume storage tank, a single tank and a multistage tank with 
varying hydro head or lifting range, were studied. The slope of the inclined wall and water 
depth were fixed constantly at 20°  and 0.7 m respectively. The volume discharge is 
increasing linearly with increasing wave energy such that q = αE, where q is the discharge, 
E is the wave energy and α is the linear coefficient. The coefficient or constant in the linear 
equation of the single tank is slightly more than the multistage tank. In addition, the 
discharge is a function of lifting range, more in particular, the discharge is decreasing with 
increasing lifting range.  
In the experiments and numerical simulations of Minami and Tanaka (2015), equations 
used to predict the discharge of single-type and multi-type OWEC are proposed, in which 
the discharge can be calculated from four dimensionless variables. It has been shown that 
the predicted discharges of both single-type and multi-types are approximately 92 - 96 % 
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of the experimental results. The two-dimensional numerical results showed that the 
turbulent flow model with high reproducibility is Prandtl’s-model. 
Generally, the overall hydraulic efficiency of wave energy converters, based on the 
overtopping principle, can be 20 - 35 % when a single reservoir is used, and surprisingly 
up to 45 - 50 % for structure with reservoirs at 4 levels (Kofoed, 2002). The multi-stage 
OWEC employs several reservoirs for which the overtopping discharge of incoming waves 
is stored in different levels depending on the wave potential and run-up height. Generally, 
the potential energy of water in the reservoirs is extracted by the Multi-Stage Turbine 
(MST). This wave energy device can be floating or land-based.  
However, the unsteady mechanism of overtopping flow is unclear, especially for the 
multi-stage devices. Several studies (Kofoed, 2006, Minami and Tanaka, 2015, Van der 
Meer and Janssen, 1995), proposed equations used to predict the amount of water captured 
in the reservoirs of single-stage and multi-stage OWECs, in which the discharge can be 
calculated from dimensionless variables. It has been shown that the predicted discharges of 
both types are approximately equivalent to the measured overtopping rates from 
comparable experiments. However, these analytical solutions do not explain flow physics 
and overtopping mechanism in detail. Also due to the complicated geometry of the multi-
stage device, there are many other variables, affecting the energy harvesting efficiency of 
the device, that have not been studied yet.  
In this thesis, numerical investigations have been performed using two- and three-
dimensional RANS simulations in order to study flow physics and performance of wave 
energy devices used to harvest ocean wave power based on overtopping principle. Several 
geometrical design strategies have been utilized in order to study their effects on the 
performance of both stationary buoyant as well as land-based overtopping wave energy 
converter. Additionally, the reflection and transmission coefficients are used to determine 
the energy transportation. The goals of this study are to find a geometry giving optimal 






Chapter 2 Wave ener
2.1 Ocean energy 
Ocean energy or marine renewable energy is huge and available in the forms of tidal, 
current, ocean wave, salinity gradients and ocean thermal energy as shown in Fig 2.1 
2012). Tidal energy is available in form of elevati
current (kinetic energy) which can normally be extracted by the mean of turbines. 
Temperature gradients thermal energy due to the temperature gradient between the sea 
surface and deepwater can be utilized using diffe
(OTEC) processes. At the mouth of rivers where fresh water mixes with salt water, energy 
associated with the salinity gradient can be harnessed using pressure
osmosis process and associated conversion t
energy associated with ocean waves can be harvested using a device called Wave Energy 
Converter (WEC). Fig 2.2 shows the potential of 
(SoerensenHC, 2008, IEA-OES, 2009, OpenEI, 2014
availability of wave energy is approximately 80,000 TWh annually.
 
Fig. 2. 1 Ocean energy 
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TRL 7-9: Field operational tests
TRL 4-6: Validation tests in simulated environment
TRL 1-3: Proof of principle / Proof of concept
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2.2 Wave energy resource 
2.2.1 Wave energy resource in world 
Extracting energy from wave has advantage over other kinds of renewable energy 
because sea waves offer the greatest energy density compared to other renewable energy 
sources (Clément et al., 2002). Moreover, harvesting wave energy has little environment
impact. It has been estimated that the potential worldwide wave energy is approximately 2 
TW (Thorpe, 1999) which is analogous to a
The more recent study estimated the global wave power resource as show in Fig. 2.3, that 
is, the total wave power incident on the ocean
certain islands and the poles), to be 2 TW. 
 
Fig. 2. 3  Global wave power resource
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In 2014, it is reported that there is 3,730 kW installed capacity of wave energy utilization 
in UK, 700 kW in Portugal, 296 kW in Spain, 180 kW in Sweden, 200 kW in Norway, 350 
kW in China, 500 kW in Korea, 16 kW in Singapore (Villate, 2014). Moreover, wave 
energy and the activity of wave energy utilization had been observed by Ocean Energy 
System (OES) that focused on the country of member in OES. Ocean Energy System (OES) 
summarized the ocean power of the countries member in OES which had been reported by 
the map of ocean power as show in Table 2.1. 
 






Waves 2,056 45,149 
Currents 3,408 96,000 
Salinity 50 100,000 
North America 
Waves 20,000 1,350 
Currents 0 20,490 
Waves 9 1,545 
Oceania 
Waves 0 201,000 
Currents 0 22,040 
Asia 
Tidal 258,105 254,200 
Currents 1,170 5,850 
Waves 966 3,260 












2.2.2 Wave energy resource focus on Southeast Asia
Southeast Asia is a sub region of Asia, as show in Fig. 2.
countries, Vietnam, Laos, Cambodia, Thailand, Myanmar, Malaysia, Indonesia, Singapore, 
Philippines, East Timor and Brunei. The only country that
Laos.  
 
Fig. 2. 4 Map of country 
Source: Top (United Nations Statistics Division
and Bottom (Quirapas et al., 2015)
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4, which consists of eleven 





in Southeast Asia 
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In this section, the wave energy resource or potential in Southeast Asia is presented. The 
overview of ocean renewable energy potential or resource data in Southeast Asia had been 
presented by Quirapas et al. (2015). A study of Malik (2011) indicated that Brunei 
Darussalam has potential for wave energy. However it may be economically infeasible 
since the country is seen to still rely on fossil fuels for the next decades. 
Although Cambodia seems to have potential for tidal energy, it is not commercially 
suitable for tidal energy harvesting. Moreover, there is no data available for wave energy 
potential for the country. 
Indonesian Ocean Energy Association (INOCEAN) theoretically conforms that there is a 
resource of 57 GW, 160 GW and 510 GW for OTEC, tidal current and ocean wave energy 
respectively. However there is only 1.2 GW for wave energy in practice. A study of 
Yaakob et al. (2006) concluded that Malaysia has less potential for ocean renewable 
energy in comparison to other locations. The average wave height in Malaysia is about 1 m. 
However, a study of Mirzaei et al. (2014) pointed out that the wave energy potential along 
the east coast of Peninsular Malaysia is significant. The northern part of the coast has wave 
potential of 2.6 - 4.6 kW/m while that of southern part is 0.5 - 1.5 kW/m. 
Myanmar has about 11.5 - 23 GW wave energy potential estimated from 5 - 10 kW/m 
along the coastline of about 2,300 km. Other source of ocean energy in Myanmar are 
suitable for economic utilization, for example 5 - 7 m range of semi-diurnal tides or 20 - 22 
C temperature difference between sea surface and depth of 1 km. Total ocean energy 
potential in Philippines is approximately 170 GW. The range of wave potential is 33 - 35 
kW/m depending on location. 
Since the average wave height in Singapore is 1 m, several studies focus on extraction of 
tidal power which has about 3 TWh annually. Wave energy in Thailand has been estimated 
to be about 0.5 ktoe (500 tonnes of oil equivalent). Andaman sea has higher wave potential 
than gulf of Thailand due to geography conditions. There are several potential sites for 
wave energy in Vietnam. Offshore wave energy flux is considered as potential energy 
source which is about 40 - 411 kW/m. 
Moreover, wave energy resource in Southeast Asia has been estimated by Ly et al. 
(2014). The result of research presented the maps of annual mean wave energy of 
Southeast Asia which shows in Fig. 2.5.  





















2.2.3 Southeast Asia perspective 
In this section, the examples of WEC researches in Southeast Asia are
of wave energy in Thailand has been research topic in local/national universities. 
Equipment called drifter has been developed to be used as ocean wave measuring system
in order to study wave potential (Sanitwong na Ayutthaya and Iamraksa, 2016). 
found that wave energy potential in most part of gulf of Thailand is low, however, the 
potential in Andaman sea is applicative. Moreover, a study funded by the Thai ministry of 
energy, reports that harvesting energy from wave is possible in both gulf of Thailand and 
Andaman sea despite low-to-medium potential of wave power, see Fig. 2.
 
Fig. 2. 6 Example of simulation result of wave energy potential in Tha
(Report of KUWave device, 2013
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Since Thailand is one of the most well-known and popular countries for beautiful 
beaches, hence shoreline or nearshore devices might have significant negative visual 
impact. An offshore device has therefore been said to be suitable for the country. 
Scientists and researchers in Thailand have been studying a possibility to harvest energy 
from wave. Numerical studies (Thaweewat et al. 2013, Thaweewat, 2017) focus on an 
oscillating wedge buoy as a wave energy converter. A wave flume has been constructed in 
order to be used in designing and testing a prototype of the WEC. 
 
 
(a) Preparing WEC for moving to test 
 
(b) Checking the structure of WEC 
Fig. 2. 7 Testing the WEC device in the sea of Thailand (Report of KUWave device, 2013) 
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Although the mentioned studies concern about WEC in laboratory scale or by the mean 
of numerical simulations, Thai researchers in Kasetsart university have designed and 
constructed a 10 kW wave energy converter, namely KUWave working as a terminator and 
pitching buoy, which has been installed and tested near Laem Chabang, Chonburi, see Fig. 
2.7. The device is expected not only for electrical power generation but also for coastal 
erosion control since it is a main problem for Thailand on both Gulf of Thailand and 
Andaman Sea coasts which approximately have a total length of about 1,900 km. 
Last example of research, Singapore's researchers had been developed the wave energy 
converter that is called Drakoo (Dragon King of Ocean).  Researchers show the basic idea 
and conception design of Drakoo, as shown in Fig. 2.8, is a twin-chamber oscillating water 
column system (Drakoo WEC). Collect water from the wave into the trap system. The 
water flow is continuously transferred to the turbine to generate electricity. First, the waves 
move into the trapdoor. The water in the trap room will be higher. The second stage, the 
water level is reduced by the flow control valve. And the water flows through the turbine 
to the generator. Drakoo's work ethic was developed and built in several versions. There 




Fig. 2. 8 Basic principle of Drakoo operation (Drakoo WEC) 
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In the step of model testing, research and development of Drakoo Wave Power 
Equipment introduces the concept of working device to miniaturized model. For laboratory 
testing, the equipment in the laboratory as shown in Fig. 2.9, and in September 2010, the R 
& D team tested the 1:5 model of the Drakoo-II device at Nanyang Technological 
University (NTU). The test results achieved a CWR of 66 %. After that the device was 





Fig. 2. 9 Drakoo model testing in a laboratory (Drakoo) 
 
The prototype of Drakoo was tested in the sea began in May 2011, a model test 1:2 scale 
of Drakoo-III device with other systems were tested in Singapore and July In the same year, 
the performance of the Drakoo WEC device was tested by the UK's National Renewable 
Energy Center (Narec) for its powerful Capture Width Ratio (CWR) to convert wave 
energy to maximum water flow to 90 % and an average CWR efficiency of 50 % for 
regular waves. Fig. 2.10 shows the device was tested in the sea (Drakoo WEC). Moreover, 
Drakoo-B0004 commercial wave energy converter is commercially available. This is the 
first commercial Drakoo wave energy converter device. 
 




Fig. 2. 10  Example of Drakoo-III prototype testing in the sea (Drakoo device) 
 
Fig. 2.11 shows the results of the experiment and calculates the energy obtained from the 
Drakoo wave energy absorber at the height and wavelength. It will be seen that the device 
is highly effective when the wave size is appropriate for the size of the device according to 




Fig. 2. 11 Results of the experiment and calculates the energy obtained from the Drakoo 
wave energy absorber (Drakoo) 
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Chapter 3 Wave energy utilization 
3.1 Ocean wave energy 
Ocean wave is generated by wind passing over the surface of the sea. As long as the 
waves propagate slower than the wind speed just nearly above the waves, there is an 
energy transfer from the wind to the waves. The energy in the ocean waves is a form of 
both kinetic and potential energy which are theoretically proportional to wave height and 
wave period. The size of the wave height significantly depends on the wind speed. 
The basic principle of wave theory is the linear wave theory which is useful to explain 
the behavior of ocean wave, particularly regular wave despite the model simplicity. The 
most elementary wave theory is the small-amplitude or linear wave theory. This theory, 
developed by Airy (1845), is easy to apply, and gives a reasonable approximation of wave 
characteristics for a wide range of wave parameters. Although there are limitations to its 
applicability, linear theory can still be useful since the assumptions made in developing 
this simple theory are not grossly violated. Fig. 3.1 shows the characteristics and definition 
of the Airy wave.  
 
Fig. 3. 1 Characteristics of a regular wave 
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The wave surface elevation ηw is function of horizontal position x and time t which can 
be defined by: 
 
𝜂 = 𝐴 cos(𝜃) = cos(𝑘𝑥 − 𝜔𝑡) = cos −      (3. 1) 
 
here ηw is wave surface elevation, 𝜆 is wavelength, A is amplitude, H is wave height, ω is 
angular frequency, k is wave number, T is wave period, Cw is wave speed and 𝑔  is 
gravitational acceleration.  
Energy of ocean wave or wave energy density E consists of two parts of energy form: 
potential energy Ep and kinetic energy Ek which can be defined by: 
 
E = Ep + Ek                  (3. 2) 
 
The average potential energy Ep is obtained as the integral over one wavelength and the 
total kinetic energy Ek is given as the sum of 1/2mv
2 over all fluid particles. The equation 
3.2 can be written by: 
 
𝐸 = ∫ ∫ 𝜌𝑔𝑧𝑑𝑧𝑑𝑥 + ∫ ∫ 𝜌(𝑢 + 𝑤 )𝑑𝑧𝑑𝑥    (3. 3) 
 
𝐸 = 𝜌𝑔𝐻 + 𝜌𝑔𝐻          (3. 4) 
 
Total wave energy is:  
 
𝐸 = 𝜌𝑔𝐻                 (3. 5) 
 
here u and w is horizontal and vertical orbital velocity respectively. Moreover, the units of 
total wave energy E is joules/m2.  
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The wave energy flux Pwave explained the transport of energy across vertical sections of 
water that is equal to the energy density carried along by the moving waves: 
 
𝑃 = ∫ ∫ [∆𝑝(𝑥, 𝑧, 𝑡)] 𝑢𝑑𝑧𝑑𝑡   (3. 6) 
 
𝑃 = 𝜌𝑔𝐻 𝑐 1 +
( )
= 𝐸𝑐𝑛  (3. 7) 
 
The wave energy flux or wave power shown in the Eq. 3.7 consists of three terms: wave 
energy density E, phase velocity c and factor n. The factor n is relates to the region of 
water depth, for deep water, n = 1/2 and for shallow water, n = 1. Moreover, the unit of 
wave power  𝑃  is watts/m.  
3.2 Classification of wave energy converter 
Wave energy converter (WEC) is a machine or device which is able to harvest or extract 
energy from ocean wave and then store or convert it into a useful form. Generally, a wave 
energy converter (WEC) consists of two systems or devices: wave capture device and 
power take-off system (PTO). The former directly interacts with incident wave and 
subsequently extracts energy from it. Then the latter simultaneously take-off energy from 
wave capture device and accumulate in an energy storage, i.e., battery or hydraulic 
accumulator. There is a large variation of concepts for wave energy conversion. However 
the wave energy converters (WECs) can be categorized by location, orientation, operation 
modes and structure (Drew et al., 2009). 
3.2.1 Location 
The advantage of Shoreline devices is being close to the utility network resulting in the 
ease of maintenance. On the other hand, devices installed on shoreline have less energy 
harvesting potential as wave travelling into shallow water and therefore lower power itself. 
Nearshore devices are located in relatively shallow or intermediate water. The devices are 
normally attached to the seabed. Similar to the shoreline devices, the disadvantage of 
nearshore devices is that wave energy is reduced due to decreased depth of water. Offshore 
devices are generally installed in deep water which has greater wave power density. The 
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disadvantages of these devices are difficulties in construction and maintenance as well as 
risk of operation in extreme conditions. Moreover, the grid connection is considerably 
difficult and expensive. 
3.2.2 Orientation in wave 
Point Absorber is a small size of WEC device relative to the incident wavelength. It is 
normally a floating structure in which the pressure differential cause the device can be 
heave up and down on the surface of the water. An example of a point absorber WEC is 
Ocean Power Technology’s Powerbuoy. Attenuator is a WEC device that its orientation lie 
perpendicular to the wave front (parallel to the predominate wave direction) and ride the 
wave. One example of an attenuator-type WEC is the Pelamis, developed by Ocean Power 
Delivery Ltd. Wave energy converter devices that are arranged in a direction obstruct 
waves and perpendicular to the predominant wave direction (parallel to the wavefront) is 
called Terminator devices. Salter’s Duck is an example of this type of WEC. 
3.2.3 Operation modes 
Oscillating Devices are using the concept of mechanical vibration to capture wave 
energy. The system consists of a wave capture device and PTO. The former is generally an 
oscillating buoy representing an inertia in the equation of motion. The latter can be 
hydraulic device or electrical generator which represents damping coefficient in the 
equation of motion. In order to obtain optimal performance, the system requires 
approximate resonant motion with the incident wave which is acting as exciting force 
(Falnes, 1997, 2007, Mei, 2012). Not only does the kinematics play an important role in 
wave capture mechanism but also the shape of the buoy. With the optimum phase 
condition, only 50% of wave energy can be theoretically absorbed by a symmetrical body 
oscillating in only one mode of motion (Evans, 1976). However, Falnes (1997) stated the 
possibility to capture wave energy beyond that limit. It is suggested to employ a 
symmetrical body with two modes of oscillation or an efficient asymmetric body with one 
mode of oscillation. 
A wave capture device of Oscillating Water Column (OWC) is water chamber, whilst a 
PTO is turbine. The oscillatory water level in the chamber depends on surrounding wave 
condition and wave capture capability of the device. Then the water interacts with the air 
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within the chamber. Both positive and negative pressures are applied to the air which is 
forced to flow in and out the chamber through turbine. Therefore, the turbine used in this 
type of WEC must be able to rotate irrespectively of airflow direction, i.e., self-rectifying 
air turbine.  
An Overtopping Wave Energy Converter (OWEC) has an inclined wall, called ramp, to 
lift waves overtop and flow into a reservoir which has greater head than the surrounding 
sea level. Then it simultaneously releases the stored water back to sea through PTO which 
is generally low-head turbines. Some of overtopping devices are installed with parabolic 
reflectors to increase wave power concentration toward the ramp. An example of this 
device is the Wave Dragon.  
Another type of WEC is the Cycloidal Wave Energy Converter (CycWEC) which 
consists of one or more blades oriented parallel to a main shaft similar to a vertical axis 
wind turbine (VAWT). To harvest energy from waves into useful electrical energy, the 
CycWEC must synchronize with incident waves, efficiently extracts the wave energy to 
drive a shaft on a generator working as PTO. An example of this device is the Atargis 
CycWEC studied by Siegel et al. (2011, 2012), Siegel (2014). 
3.2.4 Structure 
Anchored structure is a device that floats on the water surface and has the mooring 
system. A device which fixed or installed on the sea floor is called Seabed structure. A 
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3.3 Stage of the wave energy converter research  
Generally, the research and development stages of devices used to capture wave energy 
can be divided into 3 steps: step 1: conceptual design of wave energy converter device, 
step 2: a model testing in laboratory and last step is a prototype of a wave energy converter 
device testing in sea. The three steps are all important. 
 
Fig. 3. 2 Stage of research 
3.3.1 Concepts for designing a wave energy device 
The first step of research in engineering field is a conceptual design. In this step, a 
researcher can give and suggest some ideas but the idea have to base on the scientific and 
engineering theories. The design of a wave energy converter may be derived from a similar 
concept but finally the shape of device does not need to be the same, it depends on many 
factors, i.e., wave condition, location. In general, the design concept has limits and 
conditions to consider, such as cost, production, maintenance and environmental impact. 
3.3.2 Model testing in a laboratory 
Based on the idea of designing a wave energy device in section 3.3.1, the next step of 
research and development is model testing. This step is a testing of model device system, 
such as a mooring system, a power take off system and a response system of a device. An 
example device in the wave basin shows in Fig. 3.3. Generally, a researcher should make a 
model of device for testing in the laboratory after the design concept is completed. Because 
the concept design of device is needed to prove by the model testing. Moreover, the results 
of laboratory testing will give some data which can use to improve and develop the device. 
In this stage, if a researcher does not have the laboratory for test a model that some 
researcher use only a numerical simulation method to simulate then they will find some 
Conceptual 
design
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experiment results to compare that. In the world, there are many laboratory-tested of wave 
energy converter devices such as SEAREV, Salter's Duck WEC, OPT Powerbouy, 




Fig. 3. 3  DEXAWAVE model, 1:10 scale, in the water wave basin (Ruol et al., 2011)  
3.3.3 Testing of a wave energy converter device in sea 
Normally, when testing a model of device in a laboratory that can control variables and 
give a good result, then the testing equipment required to test in the sea. In this step, a 
prototype can make in the real or scale size that depends on the researcher. The advantage 
of sea trial is the device locates in the real situation and researcher will get the data 
collection from the real behavior of device. There are many devices that have been tested 
in the laboratory and were created in scale or real size. For example, OPT Powerbouy, 
Wavebob WEC, Pelamis WEC, DEXAWAVE, Wave Dragon, Drakoo Wave, Wave Star, 
Poseidon and SSG-breakwater. Fig. 3.4 shows the example of wave energy converters 














(b) Pelamis WEC 
 
 





(d) Wave Star 








(f) Wave Clapper 
 
 




(h) Oyster WEC 







(j) SSG-breakwater caisson (Vicinanza et al., 2012) 
 
Fig. 3. 4 Example of wave energy converter operation in the sea 
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3.4 Overtopping wave energy converter 
In this research, an overtopping wave energy converter (OWEC) type is focused to study. 
Generally, an overtopping wave energy converter has incline wall to lift water wave 
overtop flow into the reservoir. Then it releases water back to sea through power take-off. 
The basic principle concept of OWEC shows in Fig 3.5.   
 
 
Fig. 3. 5 Basic principle concept of OWEC 
 
The performance of OWEC has been investigated by the means of experiments and 
numerical simulations. Scientists and researchers have focused on the influence of 
geometry on the discharge, volume flow rate into the reservoir, which directly determines 
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3.4.1 Wave overtopping energy 
Generally, the overall efficiency of OWEC device consists of four partial efficiencies, 
i.e., hydraulic efficiency, reservoir efficiency, turbines efficiency and generator efficiency. 
In the present study, the numerical results are represented by the hydraulic efficiency η 
calculated based on crest levels Rc,i and averaged discharge 𝑄 . The hydraulic efficiency η 
is defined as the ratio between the potential power Pcrest in the overtopping water and the 
power in the incident wave Pwave which is also used by Margheritini et al. (2009) and 
Tanaka et al. (2015) as: 
 
𝜂 =       (3. 8) 
 
where 
𝑃 = ∑ 𝑄 𝜌𝑔𝑅 ,                      (3. 9) 
 
here ρ is the sea water density, 𝑔  is the gravitational acceleration, 𝑄  is the average 
overtopping flow rate per unit length of the ith reservoir, Rc,i is the crest height of the i
th 
reservoir.  
The average overtopping flow rate is calculated from the range where the data is 
periodically repeated. The simulations are monitored for at least 15 wave periods to obtain 
solutions. In case of aperiodic solution, the simulation is further monitored until a periodic 
solution is obtained. 
The incident, reflected and transmitted wave power can be calculated using Eq. 3.7, 
when the height or amplitude of these waves is known. The transportation of energy 
conservation of the overtopping phenomenon can be explained by: 
 
    𝑃 = 𝑃 + 𝑃 + 𝑃 + 𝑃          (3. 10) 
 
here Pr is the reflected wave power, Pt is the transmitted wave power and PL is the 
dissipated wave power or loss. 
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Since the wave power is proportional to H2 or 𝑎  then the dimensionless wave energy in 
reflection wave is proportional to 𝐾 where 𝐾  is the reflection coefficient which is ratio 
between the reflected and incident wave amplitudes: 𝐾 = 𝑎 𝑎⁄ . In addition, Eq. 3.10 can 
be expressed in dimensionless form by: 
 
    1 = 𝜂 + 𝐾 + 𝐾 + 𝐿       (3. 11) 
 
where 𝐾  is the reflection rate, 𝐾  is the transmission rate and Ll is the loss rate which is 
defined as ratio between the dissipated wave power PL to the incident wave power: Ll = 
PL/Pwave. This equation is similar to transportation of energy conservation used by Tanaka 
et al. (2015). 
3.4.2 Wave reflection analysis 
It is possible to determine the reflection coefficient from wave profiles recorded using 
numerical wave probes, since the free surface elevation is assumed to be the superposition 
of sinusoidal incident and reflected wave trains. Several publications proposed different 
experimental techniques to calculate wave reflection. A summary of these publications 
explaining methods for obtaining the incident wave height H and reflection coefficient Kr 
is presented by Isaacson (1991). In the present study, the method of two fixed probes is 
used to calculate the reflection coefficient since it is cited as the most accurate method. 








𝐴 + 𝐴 − 2𝐴 𝐴 cos(∆ − 𝛿)   (3.13) 
 
where An is the measured amplitude of the n
th probe, ∆ is the dimensionless distance 
between two probes, and δ is the measured phase angle of second probe relative to that of 
the first probe and is obtained by fast Fourier transform (FFT) algorithm. The ratio 
between the reflected and incident wave amplitudes: 𝐾 = 𝑎 𝑎⁄  is defined as reflection 
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coefficient. Similarly, the transmission coefficient is expressed as the ratio between the 
transmitted and incident wave amplitudes: 𝐾 = 𝑎 𝑎⁄ . 
3.4.3 Overtopping wave energy converter configurations 
In this section, the overtopping wave energy converter configurations are presented. 
There are many concepts of OWEC shape in the world. From the literature review for 
research of OWEC devices, as summarized in Table 3.1, the device can be divided into 
two categories, fixed structure and floating structure. The most of structure type was 
designed and used is a fixed structure type. The main reason is that the fixed structure 
devices have a less complex mechanism than floating structures. 
The fixed structure does not take into account the mechanism of the mooring system. 
While the floating device must consider the mooring system and dimension of the structure 
corresponding to the behavior of the wave, such as the length of the wave affecting the 
length of the floating structure. If the wavelength is greater than the length of the device, 
the device will have a very high pitch and heave response, which directly affects the 
performance of the device. This type of device possesses the most difficulty to simulate 






















General configuration of OWEC
A shoreline WEC of the overtopping type
 ( 
Overtopping Device (on-shore)
The European Marine Energy Centre LTD)
OWEC model without guide vane 









Clément et al., 2002) 
 
 




was tested by Liu et al. (2011) 
 




Model testing in the wave tank OWEC model with guide vanes  
(Park et al., 2011, Jin-Seok 2009) 
 
 
Spiral-reef overtopping device (single-stage OWEC type) (Nam et al., 2008) 
 
 
Muti level overtopping Vicinanza and Frigaard (2008)  
 
 
The multi-stage reservoir of OWEC model test in Japan  
(Minami and Tanaka, 2015) 




The Overtopping and Oyster wave energy converter mixed system  





Wave Dragon had been installed in the sea (Tedd and Kofoed, 2009) 
 
 
WaveCat model test in the wave tank which has four reservoirs for storing 
overtopping water. (Fernandez et al., 2012) 
 
 
The experiment of the wave overtopping control structure  
(Shin and Hong, 2006) 
 
- 33 - 
 
 
Chapter 4 Numerical simulation of OWEC device 
4.1 Numerical wave simulation 
In the present study, a commercial CFD solver ANSYS FLUENT V.17 is used to 
simulate wave overtopping behavior and characteristics for single- and multi-stage OWEC 
devices. The governing equations used in the present investigation are the continuity and 
the Reynolds Averaged Navier-Stokes (RANS) equations for viscous, incompressible, two-
dimensional flow, in combination with two-phase volume of fluid (VOF) method proposed 
by Hirt and Nichols (1981) in order to track and locate the free surface. The standard k-ε 
turbulence model is applied for turbulence closure. 
 
= 0                        (4.1) 
 
+ 𝑢 = − + 𝑓 + 𝜈 − 𝑢𝑖𝑢𝑗    (4.2) 
 
where 𝜈, 𝜌, 𝑝 and 𝑓
𝑖
 are the kinematic viscosity coefficient, the fluid density, the fluid 
pressure and the body force, respectively. 𝑢 , 𝑥  represent the coordinate directions and 
corresponding velocity components.   The component 𝑢𝑖
′𝑢𝑗
′  requires the Reynolds Stress 
induces a new turbulence model to enclose the equations. 
The volume fractions of air and water in the computational cell sum to unity. If the 
volume fraction of water is defined as 𝑎 , then the following three different conditions of  
volume fraction of water are possible: 1) 𝑎 = 0, the cell is empty of water; 2) 𝑎 = 1, 
the cell is full of water; 3) 0 < 𝑎 < 1, the cell contains the interface. The volume fraction 




= 0    (4.3) 
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Fig. 4. 1 Two-dimensional numerical wave tank used to simulate wave overtopping 
behavior. The locations of wave probes are indicated by P1, P2, P3, P4, and P5 
 
The wave overtopping behavior is simulated in a two-dimensional numerical wave tank 
as shown in Fig. 4.1, which has water depth of 20 m and the tank length is 300 m. 
Numerical wave probes are employed in order to monitor surface elevation. The pressure 
outlet and open channel flow condition combined with porous media zone is applied on the 
right boundary acting as a wave absorber such as used by Du and Leung (2011) and Hu 
and Liu (2014), while the wall condition combined with dynamic mesh model is utilized 
on the left boundary acting as a wavemaker. 
The airy wave is generated as an incident wave in the present study. The kinematics of 
the piston type wavemaker x(t) is defined by: 
 
  𝑥(𝑡) = 1 − 𝑒 sin 𝜔𝑡    (4.4) 
 
where x0 is the maximum displacement of the wavemaker and ω is the angular frequency.  
 
For numerical wave tank, a numerical beach is necessary, as a wave absorber or 
dissipation zone in order to avoid the occurrence of wave reflection. In the present study, 
the porous media condition is applied to form an artificial wave absorber zone which is 
located on the right boundary of domain.  
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Behind the device is the wave absorber zone which has the length of a wavelength (1λ) 
measured from the right boundary. The shorter of the absorber zone could give the higher 
wave reflection rate, while increasing length of the absorber results in the more 
computational expense. In this zone, the pressure outlet and open channel flow condition 
combined with porous media zone is applied on the right boundary acting as a wave 
absorber such as used by Du and Leung (2011) and Hu and Liu (2014). The porous media 
condition is defined by an additional momentum source term which is added to the Navier-
Stokes equations as: 
 




𝑆 = − 𝑢 + 𝐶 𝜌|𝑢 |𝑢     (4.6) 
 
where Si is the additional source term for the i-th (x, y or z) momentum equation, |𝑢 | is the 
velocity magnitude, µ is the viscosity of the fluid, C2 is the inertial resistance factor, and 
1/α is the viscous resistance coefficient. 
This momentum source term is composed of two parts: a viscous loss term (the first term 
on the right-hand side of Eq. 4.6), and an inertial loss term (the second term on the right-
hand side of Eq. 4.6) which is added in the Navier-Stokes equations. In this work, the 
coefficient 1/α is the main parameter in order to define the rate of absorption. As described 
in Du and Leung (2011), only 1/α  can be considered. If 1/α is too small, the wave energy 
cannot be effectively absorbed. If 1/α is too large, the porous media will act as a solid wall 
and the wave will reflect at the entrance of porous zone. The viscous resistance coefficient 
is defined as a function of the position, which is described by a UDF code. 
 
 
- 36 - 
 
4.1.1 Validation of volume of fluid model 
In this present study, the VOF model used in ANSYS Fluent is validated by the 
laboratory experimental data of a dam break over a dry bed conducted by Martin and 
Moyce (1952) which is a very useful benchmark. The contour and position of the leading 
edge of water is plotted against non-dimensional time, see Fig. 4.2 - 4.3. The numerical 
result of the present study is in satisfactory agreement with the experiment and a 
comparable study (Hirt and Nichols, 1981). 
 
 
(a) Initial time 
 
(b) Pass for a while 
Fig. 4. 2 Contour of water and air phases of a dam break over a dry bed 
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Fig. 4. 3 Time history of the position of the leading edge of water 
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4.1.2 Outlet boundary condition testing  
The outlet boundary condition is studied in this section in order to find the suitable 
condition for the numerical wave flume. There are four cases of outlet boundary condition 
tested in this section as shown in Table 4.1. For all cases, the generated wave profile is 
monitored at x = 1λ from wavemaker for 15 wave periods. The incident wave period is T = 
6 s, wave height is H = 1 m and the domain length of 3λ.  
 
Table 4. 1 Outlet boundary conditions 
Case 
Outlet boundary condition 
Pressure outlet + Open channel Porous media (1/α)max 
1 / - 
2 / 1x105 
3 / 1x107 
4 / 1x109 
 
Three values of the absorption coefficient 1/α are investigated. If 1/α is too small, the 
wave energy cannot be effectively absorbed. If 1/α is too large, the porous media will act 
as a solid wall and the wave will reflect at the entrance of porous zone. The viscous 




𝑥 < 𝑥 , = 0                     (4.7) 
 
𝑥 > 𝑥 , = −𝑐𝑜𝑠
( )
𝜋 + 1  (4.8) 
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Two-dimensional domain for simulation of outlet boundary condition is shown in Fig. 
4.4 while Fig. 4.5 presents the results of difference outlet boundary condition. It can be 
seen that case 3, the coefficient 1/α of 1x107 gives a good and suitable result for wave 
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(a) Case 1 
 
 
(b) Case 2 
 
Fig. 4. 5 Surface elevation at x = 1λ from the wave generate 








(d) Case 4 
 
Fig. 4. 5 Surface elevation at x = 1λ from the wave generate (continue) 
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4.1.3 Sensitivity analysis 
A refined mesh is generated near the free surface in order to qualitatively monitor the 
surface elevation. Fig. 4.6 shows a grid system near the area of free surface elevation. 
Mesh sensitivity of wave generation is investigated in which the mesh size is a function of 
the wave height and length.  
 
Fig. 4. 6 Grid near a free surface  
 
The number of cells per wavelength is varied as 50, 100 and 200 cells while that of cells 
per wave height is kept constant as presented in Table 4.2. The generated wave profile is 
monitored at x = 1λ from wavemaker for 15 wave periods. The incident wave period is T = 
6 s, wave height is H = 2 m and the time step size is dt = T/6000 comparable to Liu et al. 
(2008b). 
 
Table 4. 2 Mesh sensitivity of wave generation 
 Mesh sensitivity 
Coarse  H/20, λ/50 
Middle  H/20, λ/100 
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The results of mesh sensitivity investigation are shown in Fig. 4.7. It can be seen that the 
result corresponding to the finer mesh λ/200 nearly coincides with that of λ/100 and agrees 
well with linear wave theory, while that of λ/50 noticeably deviates from the others. This 
means the mesh density of λ/100 is considered sufficiently to monitor the free surface and 
capture the flow physics. 
 
Fig. 4. 7 Mesh sensitivity of linear wave 
 
The mesh and time step sensitivities are further investigated in more detailed as 
presented by Table 4.3. Firstly the time step size is varied as T/3000, T/6000 and T/9000. 
Fig 4.8 presents the hydraulic efficiency of single stage device simulated using the 
mentioned time step sizes. The results show that the time step of T/6000 is adequate since 
the results using this time step agree well with that of a finer time step. Moreover, the 
results also consistently ensure that the mesh system of λ/100 is dense enough. The mesh 
sensitivity in wave height direction is also investigated using H/10, H/20 and H/30. As 
presented in Fig. 4.9, the grid system used in the present study is λ/100 in combination 
with H/20. 
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Table 4. 3 Mesh and time sensitivity 
Mesh sensitivity 
(number of cells per H and λ) 
Computing time 
(reference: 90 s or 15T) 
H λ T/3000 T/6000 T/9000 
10 100 
 
17 hrs 30 min 
 
20 
50 10 hrs 20 hrs 30 hrs 
100 11hrs 15 min 27 hrs 30 min 40 hrs 
200 12 hrs 30 min 32 hrs 30 min 47 hrs 30 min 
30 100 
 






Fig. 4. 8 Time step size testing 
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(a) Different number of cells per wave height 
 
(b) Different number of cells per wavelength 
 
Fig. 4. 9 Mesh sensitivity of single-stage device 
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4.1.4 Validation of wave profile 
For this research, wave condition was selected and considered based on data of research 
from Hong et al. (2005). His research studies the intensity of the wave energy around Jeju 
Island by using the SWAN (Simulating Waves Nearshore) program. The research indicates 
that the wave height is in the range of 0.4 to 2.0 m whilst the wave period is in the range of 
4.0 to 6.6 s. In addition, research involving overtopping devices (Nam et al., 2008, Liu et 
al., 2008a, Liu et al., 2008b) utilized a regular wave, with a wave height of 2 m and a wave 
period of 6 s, which is corresponding to a wave condition in the southern sea of Korea. 
The generated wave profile is monitored at x = 1λ for 10 wave periods and at t = 12T in a 
range of 4λ from wavemaker. The incident wave period is T = 6 s, wave height is H = 2 m 
and the time step size is dt = T/6000 comparable to Liu et al. (2008b).  
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Grid system of computational domain has been generated with adaptive refinement as 
show in Fig. 4.10. A dense or more refined mesh is generated in regions of interest which 
are the vicinity of free surface and device. The mesh size is dependent on the wave height 
and length. In the present study, the number of cells per wave height is 20 cells and 100 
cells per wavelength is utilized which is finer than the suggestion from Connell and 
Cashman (2016) since the simulation of OWEC possesses strong fluid-structure 
interactions, wave breaking and overtopping behavior.  
From section 4.1.2, the maximum coefficient 1/α in porous media function is defined of 
1x107. The UDF code of porous media model is written as: 
If  
𝑥 < 244.4, = 0      (4.9) 
 
𝑥 > 244.4, = 1 × 10 −𝑐𝑜𝑠
( . )
𝜋 + 1             (4.10) 
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Fig. 4.11 shows the coefficient of viscous resistance as a function of distance. The total 
length of this absorber zone is equivalent to 1λ. The graphic of wave surface elevation of 
two-dimensional simulation wave tank is shown in Fig. 4.12. Note that the water phase is 




Fig. 4. 12 Wave surface elevation of two-dimensional numerical wave tank at t = 10T 
 
The generated wave profile is shown in Fig. 4.13 in dimensionless time and spatial 
domains along with calculated wave using linear wave theory. It can be seen that the 
generated wave using dynamic mesh agrees well with the calculated linear wave.  
At x/λ = 2, the measured wave amplitude is slightly decreasing, approximately 3 - 4 % 
lower than that of the initial position where the wave maker is installed, which is 
considered acceptable. Therefore, the wave height at the location where the device is 
installed and simulated is reasonable. 
In the case of devices installed in the domain, surface wave elevation is measured by 
numerical wave probes in front of the device, which is the same location as the domain 
without device. These recorded surface wave profiles are used to calculate the actual 
incident wave according to Eq. 3.12 and subsequently the Pwave. The actual incident wave 
of the domain with the device is found to be consistent and close to the actual incident 
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(a) Surface elevation at x = 1λ. 
 
(b) Wave surface elevation at t = 12T 
 
Fig. 4. 13 Numerical wave tank validation. The generated wave profile is compared with 
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4.1.5 Validation of overtopping flow rate of multi-stage device 
In addition, the overtopping flow rate of multi-stage device is validated. Fig. 4.14 shows 
the numerical result of multi-stage device in comparison with the overtopping flow rate 
calculated using Eq. 4.11 which is proposed by Kofoed (2006). The equation is useful for 
validation as seen in several studies such as Nam et al. (2008), Vicinanza and Frigaard 
(2008) and Margheritini et al. (2009). 
 
𝑞 (𝑧 , 𝑧 ) = 𝑔𝐻 𝑒
,
𝑒 − 𝑒    (4.11) 
 
where qn is the average overtopping flow rate of each reservoirs, Hs is significant wave 
height, Rc,1 is the crest freeboard of the lowest reservoir, z1 is the crest freeboard of the 
current reservoir as the lower limit, z2  is the crest freeboard of the reservoir above as the 
upper limit. The coefficients A, B and C are defined by experiment data. 
 
Fig. 4. 14 Comparison of the calculated overtopping rates using Eq. 4.11 with comparable 
numerical results of multi-stage device 
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4.2 Effect of slot width on the performance of multi-stage of OWECs 
The dimension of domain for simulation was shown in Fig. 4.1. The baseline layout is 
based on single-stage OWEC, such as used by Liu et al. (2008b), and is schematically 
illustrated in Fig. 4.15a. The sloping ratio S is defined as the ratio between the height R and 
length L of the ramp, S = R/L. The freeboard or crest height Rc and draught or submerged 
depth Rs are fixed as 2 m relative to the mean water level (MWL), while length of the ramp 
is L = 8 m, giving the slope ratio S of 1/2 for both freeboard and draught parts. The multi-
stage devices employed in this study have 2 different layouts; fixed discrete slope with 
extended overall length and variable discrete slope with fixed overall length. The 
illustrations of the multi-stage layout are given in Fig. 4.15b and c respectively. Both 
layout models have 3 extra slots compared to the single-stage device. The width of these 
slots is w measured horizontally. The crest height of the slots are Rc1 = 0.5 m, Rc2 = 1.0 m 
and Rc3 = 1.5 m. The crest height of the main reservoir Rc4 and the submerged depth Rs are 
fixed equivalent to that of single-stage device. 
For the layout of fixed discrete slope with extended overall length, the slope ratio of both 
freeboard and draught ramps are fixed as 1/2 equivalent to that of single-stage device. This 
results in the 3w extended length of the ramp. For the layout of variable discrete slope with 
fixed overall length, the slope ratio of draught part is equivalent to that of single-stage 
device (S = 1/2), whereas the discrete ramps of freeboard part have more steep slope ratio 




















(c) Variable discrete slope with fixed overall length. 
 
Fig. 4. 15 Layouts of the single- and multi-stage devices. The incident wave direction is 
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To study the influence of the slot width on the performance of the devices, the parameter 
is varied within the range of 0.1 m ≤ w ≤ 0.6 m with a 0.1 m increment, corresponding to 
the relative slot of 0.05 ≤ w/Rc4 ≤ 0.30. In the present study, the generated incident wave 
height H of 2 m and the wave period T of 6 s is utilized following Liu et al. (2008b). The 
wave and other testing conditions are summarized in Table 4.4. 
Liu et al. (2008b) reported that when using a wave height of 1 m together with wave 
period of 4 and 6 s, the wave cannot flow across the reservoir of a single-stage device of 
1:1, 2:3 and 1:2 slope ratios. However, when the wave height is 2 m, the wave can 
noticeably flow into the device. In addition, the case of 2 m wave height in combination 
with wave period of 6 s with the device of a slope of 1:2 results in the most abundant 
overtopping discharge. Therefore, this research uses the wave conditions and the size of 
this device as the basis for the simulations of both single and multi-stage devices. 
 
Table 4. 4 General parameters conditions 
Parameters  
Wave height, 𝐻 [m] 2.0 
Wave period, 𝑇 [s] 6.0 
Water depth, h [m] 20.0 
Wave steepness, 𝐻 𝜆⁄  [-] 0.036 
Relative slot width, w/Rc4[-] 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 
Relative freeboard, Rc/H [-] 1.0 
Relative wave height, H/h [-] 0.1 
 
The structure grid is meshed on the device as show in Fig. 4.16.   
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4.2.1 Results of effect of slot width on the performance of multi-stage of OWECs 
In the present study, the overtopping flow rate into the reservoir and the energy captured 
are the main performance indicators of the devices. The simulations are monitored for at 
least 15 wave periods to obtain solutions. In case of aperiodic solution, the simulation is 
further monitored until a periodic solution is obtained. 
The transportation of energy is given in Fig. 4.17 and 4.18, in which the overall 
hydraulic efficiency, reflection, transmission and loss rates are shown in functions of 
relative slot width. Note that the relative slot width w/Rc4 = 0 represents the single-stage 
device. It can be seen that the multi-stage devices capture wave energy effectively 
compared to single-stage device. Performance of both layouts of multi-stage devices have 
a similar trend. The efficiencies of both multi-stage layouts are approximately on par for 
the pre-peak regime. However, the fixed slope device performs better for large slot width, 
i.e., peak and post-peak regimes. This is because the variable slope device has more steep 
slope compared to the fixed slope layout. The steep slope ratio results in less discharge 
according to Liu et al. (2008b).  
Moreover, the numerical results of the present study show that the optimal hydraulic 
efficiency of the multi-stage device is nearly on par with hydraulic efficiency proposed by 
Margheritini et al. (2009) which states that the hydraulic efficiency is within a range of 30 
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(b) Variable slope with fixed overall length. This graph is corresponding to Fig. 4.15c and 
4.21b 
Fig. 4. 17 Overall hydraulic efficiency, reflection, transmission and loss rates  
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In addition, the reflected wave energy is decreasing with increasing slot width since the 
amount of water being stored by the reservoir is increasing. However, the transmitted wave 
energy is about to remain constantly, as shown in Fig. 4.18b. This can be concluded that 
the influence of slot width on underpass wave is insignificant.  
Eq. 3.9 shows that the potential power in the overtopping water depends on two main 
variables: average overtopping flow rate 𝑄  and crest height Rc,i. Considering the slot width 
of multi-stage device was designed to be small, it is found that most of the water can flow 
into the main reservoir while relatively small portion of the water volume flows into the 
lower reservoirs. This means that the main reservoir could effectively harvest wave energy 
from maximizing both variables, i.e., large amount of overtopping water and highest crest 
height. However, the enhancement in overall hydraulic efficiency is not significant since of 
the amount of overtopping water in lower reservoirs is decreasing. That is the extracted 
energy stored by the main reservoir is not enough to compensate the decrease in energy 
captured by the lower reservoirs. In case of the slot width of the device was designed to be 
large, it was found that most of the water was captured by the lower reservoirs which 
caused the device to lose its potential energy from the main reservoir. 
For smaller slot width, i.e., pre-peak regime, increasing the parameter gives an increase 
in overall hydraulic efficiency, hence a performance gain. The optimal performance is 
obtained at an intermediate value of the relative slot width: w/Rc4 = 0.2 for fixed slope 
device and w/Rc4 = 0.15 for variable slope device with in the parametric range considered 










- 58 - 
 
 




(b) Reflection, transmission and loss rates 
 
Fig. 4. 18 Effect of slot width on efficiency and loss rates 
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Water wave flows into the reservoir of single- and multistage devices are shown in Fig. 
4.19. For the multi-stage device, the extra slots at lower levels capture water during both, 
run-up and fall-down processes, see Fig. 4.20. On the other hand, the single stage device 
has only one main reservoir, therefore the whole water volume run-up to the main reservoir. 
As a result of this overtopping mechanism, the overall hydraulic efficiency of the multi-
stage device is higher than the single stage device. 
 
 
(a) Single-stage device 
 
 
(b) Fixed slope multi-stage device, w/Rc4 = 0.2 
 
 
(c) Variable slope multi-stage device, w/Rc4 = 0.2 
 
 
Fig. 4. 19 Wave run-up process of single- and multi-stage devices 
 
 





(a) Run-up process 
 
 
(b) Fall-down process 
 
Fig. 4. 20 Run-up and fall-down processes 
 
The performance enhancement is obtained via increasing the overtopping flow rate and 
energy captured by extra reservoirs at lower crest heights, see Fig. 4.21. As a result of this, 
the overtopping flow rate and energy captured by the main reservoir are reduced. This 
explains why the overall hydraulic efficiency is decreasing with large slot width. The water 
and therefore wave energy are mainly captured and stored by the lower reservoirs, then the 
remaining water with small amount of energy will run-up to the upper reservoir, being 
stored at a higher level. For wider slots, the larger amount of water is stored at the lower 
level with the lower potential energy, whilst the higher ones have less water being stored. 
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(b) Variable slope with fixed overall length. This graph is corresponding to Fig. 4.15c and 
4.17b 
 
Fig. 4. 21 Partial hydraulic efficiencies of each reservoir as functions of relative slot width 
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In addition, the fixed slope multi-stage device based on relative slot width of 0.2 was 
tested with different wave periods. Fig. 4.22 shows the hydraulic efficiencies of multi-
stage device for different wave periods, e.g., 5 s, 6 s and 7 s. As a result, the wave period 
of 5 s and 6 s gives consistent results and is relatively constant. In this research, the choice 
to study the wave period of 6 s is considered to be in the appropriate range. 
 
(a) Overall hydraulic efficiency 
 
(b) Partial hydraulic efficiencies  
Fig. 4. 22 Hydraulic efficiencies of multi-stage device for different wave periods 
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In this part, the multi-stage device operating in various wave height conditions is 
investigated. The device layout is the fixed slope based on relative slot width of 0.2. Fig. 
4.23a and b show the overall and partial hydraulic efficiencies of device for different wave 
heights, the parameter is varied within the range of 0.5 m ≤ H ≤ 3.0 m with a 0.5 m 
increment. For wave height of 0.5 m, the wave can run-up and then overtop into the first 
reservoir only. An increase in wave height results in the higher level that the water can 
climb-up and overtop. For wave height of 2.0 m or greater, the wave can reach the main 
reservoir. 
The partial efficiency of the first reservoir is decreasing with increasing wave height. 
This is because, within the almost entire range of parametric space investigated, the 
amount of water captured by this lowest reservoir seems to remain unchanged regardless 
the wave height, while the incident wave energy available due to the higher wave 
amplitude is increasing. This means that the first reservoir could capture the wave 
effectively within this range of wave conditions. The second reservoir can be reached for 
wave height of 1.0 m or greater. For 1.0 m ≤ H ≤ 1.5, the change in water captured by this 
reservoir is more significant than the increase in available wave energy, resulting the 
enhancement in the partial efficiency. Further increase wave height reduces the partial 
efficiency in the similar manner as that of the first reservoir. Similarly, the third and the 
main reservoirs follow this trend. 
The device performs effectively for wave height of 2.0 m or greater. However, the wave 
height greater than 2.0 m gives a reduction in the overall efficiency since the incident wave 
energy available due to the higher wave amplitude increases more noticeably than the 
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(a) Overall hydraulic efficiency 
 
 
(b) Partial hydraulic efficiencies 
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4.2.2 Conclusions of effect of slot width on the performance of multi-stage of OWECs 
A numerical model for two-dimensional flow was used to investigate the effect of slot 
width of multi-stage overtopping wave energy devices on energy captured. The numerical 
wave tank has been validated. The generated wave agrees well with the linear wave theory. 
The multi-stage OWECs have 2 different layouts; fixed slope and variable slope device. 
The hydraulic efficiency of the multi-stage devices is compared with that of baseline 
single-stage device. Moreover, the fixed slope device is studied more in detail via 
application of adaptive slot width. Optimal performance based on hydraulic efficiency of 
multi-stage device exists at an intermediate value of slot width giving a huge increase in 
energy captured and efficiency. The enhancement is obtained by increasing the 
overtopping flow rate into extra slots with lower crest heights, in both wave run-up and 
fall-down processes. This results in a decrease in overtopping flow rate of the main 
reservoir. This can be avoided by using a controllable gate or valve which manages to 
close the extra slots during wave run-up process and automatically open during wave fall-
down process.  
Since the computational costs are high and the parameters cannot be varied continuously, 
we were not able to complete an efficiency chart for the suggested control strategy. 
However, we believe the present study is beneficial for understanding and validating the 
comparable experiment. A better understanding of overtopping flow mechanism explained 
in the present study could therefore provide a guideline in the field of OWEC design. 
Further investigations are recommended in order to study the effects of the suggested 
control strategy and the influence of adaptive slot within the wider range of parametric 
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4.3 Effect of adaptive slot width on the performance of multi-stage of OWECs 
In this section, the non-adaptive device is the baseline model which is schematically 
illustrated in Fig. 4.24b. The multi-stage device has the inclined wall, called ramp, in order 
to lift wave overtop and flow into the extra reservoirs. The ramp height R consists of two 
parts, the submerged depth Rs and freeboard height Rc4. These two parameters are fixed as 
2 m. The slope S of each ramp is defined as the ratio between the ramp height R and 
horizontal ramp length L which is kept constant as S = 1/2 for both freeboard and draught 
parts. This consequently results in the 3𝑤 extended length of the ramp. The multi-stage 
devices have three extra slots which are defined as w1 (the lowest), w2 (the middle) and w3 
(the highest). The crest height of the slots are Rc1 = 0.5 m, Rc2 = 1.0 m and Rc3 = 1.5 m. The 
adaptive layout gives difference in size of the slots as ∆𝑤 = 𝑤 − 𝑤 = 𝑤 − 𝑤  , so that 
the average width of each device is 𝑤 = 𝑤 . There are four base-line models which are 
non-adaptive layout with average slot width of 𝑤 = 0.2, 0.3, 0.4 and 0.5 m which show in 
Table 4.5. Each base-line model has four corresponding adaptive layouts as shown in 
Table 4.6. Moreover, the adaptive device has two layouts: reservoir width varies from 
large to small (𝑤 = 1.4𝑤) and vice versa which are shown in Fig. 4.24a and 4.24c. 
 
Table 4. 5 Parameters conditions 
Parameters  
Wave height, H  [m] 2.0 
Wave period, T  [s] 6.0 
Water depth, h  [m] 20.0 
Average slot width, 𝑤  [m] 0.20, 0.30, 0.40, 0.50 
Wave steepness, H/λ  [-] 0.036 
Relative freeboard, Rc/H  [-] 1.0 




















(c) Adaptive device (𝑤 = 0.6𝑤) 
 





- 68 - 
 
Table 4. 6 Adaptive slot width parameters 
Case ∆𝑤 𝑤⁄  𝑤 𝑤⁄  
Slot 1 Slot 2 Slot 3 
1 -0.4 1.4 1.0 0.6 
2 -0.2 1.2 1.0 0.8 
3 0.0 1.0 1.0 1.0 
4 0.2 0.8 1.0 1.2 
5 0.4 0.6 1.0 1.4 
 
The wave overtopping energy is captured by the main and extra slots. Fig. 4.25 
demonstrates the partial hydraulic efficiency of each reservoir for both adaptive and non-
adaptive layouts with average slot width of 0.3 m and 0.5 m. It can be seen that the overall 
hydraulic efficiency of non-adaptive device (∆𝑤 𝑤⁄ = 0) is slightly superior compared to 
that of adaptive devices. In case of adaptive device, the overall efficiency is nearly on par 
for both positive or negative ∆𝑤 𝑤⁄ . However, the discharge into each extra reservoir 
depends on the level and size of slot. The wider slot results in larger amount of water being 
captured and stored. 
When the lowest slot of device is designed to be narrowest (∆𝑤 𝑤⁄ = 0.4), it captures 
smaller portion of water and allows the water run-up to the greater level which has higher 
potential. On the other hand, if the lowest slot is the widest (∆𝑤 𝑤⁄ = −0.4), it captures 
large amount of water and lets a major part of water volume run-up to the higher but 
narrower slot. The partial efficiency enhancement gain by wider slot compensates with the 
reduction in that of the narrower one. As a result of this, the adaptive layouts could not 
give performance improvement. However, this behavior could affect strategy of energy 
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(a) The multi-stage devices based on average slot width of 0.3 m 
 
 
(b) The multi-stage devices based on average slot width of 0.5 m 
 
Fig. 4. 25 Example of hydraulic efficiency of each extra slot of device 
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Contours of hydraulic efficiency, reflection rate, transmission rate and loss rate plotted as 
a function of 𝑤 and ∆𝑤 𝑤⁄  are shown in Fig. 4.26. It can be seen that the non-adaptive 
layout, i.e., ∆𝑤 𝑤⁄ = 0 in combination with 𝑤 = 0.4  m. gives optimal performance in the 
considered range of parametric space. An adaptive layout, either ∆𝑤 𝑤⁄  is positive or 
negative, results in a slight drop in the efficiency.  
 
(a) Hydraulic efficiency η (b) Reflection rate 𝐾  
(c) Transmission rate 𝐾  (d) Loss rate Ll 
 
Fig. 4. 26 Contour of hydraulic efficiency η, reflection rate 𝑲𝒓
𝟐, transmission rate 𝑲𝒕
𝟐 and 
loss rate Ll of multi-stage device on the (𝒘, ∆𝒘 𝒘⁄ ) parametric space 
 
- 71 - 
 
The reflection rate 𝐾  is decreasing with increasing the slot width as seen in Fig. 4.26b 
while Fig. 4.26c shows that the variation of transmission rate 𝐾   is relatively small. As a 
result of this, the non-adaptive layout of 𝑤 = 0.4 m has smallest loss rate within the range 
of parametric space considered as shown in Fig. 4.26d. 
The water flow mechanism of both run-up and fall-down processes are shown in Fig. 
4.27 - 28. It can be seen that the amount of water can be captured by the extra slots in both 
run-up and fall-down processes. 
 
(a) Adaptive device (𝑤 = 1.4𝑤) 
 
(b) Non-adaptive device (𝑤 = 1.0𝑤) 
 
(c) Adaptive device (𝑤 = 0.6𝑤) 
 
Fig. 4. 27 Run-up process of non- and adaptive devices based on 𝑤 = 0.5 m 
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(a) Adaptive device (𝑤 = 1.4𝑤) 
 
(b) Non-adaptive device (𝑤 = 1.0𝑤) 
 
(c) Adaptive device (𝑤 = 0.6𝑤) 
 
Fig. 4. 28 Fall-down process of non- and adaptive devices based on 𝑤 = 0.5 m 
 
The different layouts design of overtopping wave energy converter are investigated by 
using a numerical model for two-dimensional flow. The multi-stage device has two design 
layouts: non-adaptive and adaptive devices. Moreover, the layout of adaptive device has 
two types: reservoir width varies from large to small and vice versa which are 
corresponding with negative and positive ∆𝑤 𝑤⁄  respectively. The overall hydraulic 
efficiency of both non-adaptive and adaptive devices are compared. The numerical results 
show that the overall hydraulic efficiency of non-adaptive device is rather superior 
compared to that of adaptive devices. In addition, the optimal performance is given by 
non-adaptive device based on average slot width 𝑤 of 0.4 m. From this result, the loss rate 
of non-adaptive layout of 𝑤 of 0.4 m is minimum within the range of parametric space 
considered. 
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4.4 Effect of overlap ramp of non-adaptive and adaptive devices  
The optimization of the OWEC design concerns particularly the ramp geometry in order 
to maximize the energy captured by the reservoirs. There are two strategies to achieve the 
goal: devices with different overlap ramp and devices with different submerged ramp. 
The former investigation focuses on the influence of overlap ramp on the hydraulic 
performance. The base-line model is based on non-adaptive device which is schematically 
illustrated in Fig. 4.29b. The ramp height R consists of two parts, the submerged depth Rs 
and freeboard height Rc4 that both parameters are fixed as 2 m. The slope S of each ramp is 
defined as the ratio between the ramp height R and horizontal ramp length L which is kept 
constant as S = 1/2 for both freeboard and draught parts. This consequently results in the 
3𝑤 extended length of the ramp. 
These multi-stage devices have three extra slots which are defined as w1 (the lowest), w2 
(the middle) and w3 (the highest). The adaptive layout gives difference in size of the slots 
as ∆𝑤 = 𝑤 − 𝑤 = 𝑤 − 𝑤 , so that the average width of each device is 𝑤 = 𝑤  which is 
fixed as 0.4 m in the present study. Moreover, the parameter slot width 𝑤 is represented in 
dimensionless form namely relative slot width as: 𝑤 𝑅⁄  of 0.2. The adaptive device has 
two layouts: reservoir width varies from large to small (𝑤 = 1.4𝑤 ) and vice versa. The 
illustration of overlap distance is shown in Fig. 4.30 and is defined by parameter y that is 
varied within the range of 0.025 to 0.100 m with a 0.025 m increment. This design is 


















(c) Small to large 
 
Fig. 4. 29 Layouts of non-overlap ramp multi-stage devices base on the relative slot width 
of 0.2 
 
Fig. 4. 30 Example of overlap ramp layout of non-adaptive device. 
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The slot width of non-adaptive and adaptive devices are summarized in Table 4.7. The 
distance of slot width is measured horizontally at crest level. Fig. 4.29 shows the layouts of 
non-overlap ramp multi-stage devices based on the relative slot width of 0.2 which is 
corresponding to the Table 4.7. 
 
Table 4. 7 Parameters of adaptive slot width 
Device 𝑤 /𝑤 
Slot 1 Slot 2 Slot 3 
Large to small 1.4 1.0 0.6 
Non-adaptive 1.0 1.0 1.0 
Small to large 0.6 1.0 1.4 
 
4.4.1 Combination of overlap ramp and adaptive slot width 
The overlap distance y, which is presented in dimensionless form as 𝑦 𝑤⁄ , is shown in 
the Table 4.8. This overlap design, i.e., extended the ramp of each extra slot, is applied to 
both adaptive and non-adaptive layouts.  
 
Table 4. 8 Parameter condition of overlap ramp 
Submerged depth, Rs [m] 2.0 
Relative freeboard, Rc4 /H [-] 1.0 
Relative average slot width, 𝑤 𝑅𝑐4⁄  [-] 0.2 
Overlap distance, y [m] 0.025, 0.05, 0.075, 0.10 
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The numerical results are shown in Fig. 4.31 - 33. It can be seen from Fig. 4.31 that the 
applied overlap distance insignificantly affects the overall hydraulic efficiency whether the 
device is adaptive or non-adaptive. An example of energy flow for case of 𝑦 𝑤⁄  = 0.125 is 
shown in Fig. 4.32 for both adaptive and non-adaptive devices. A similar trend of energy 
flow is found for devices with other overlap distances, i.e., 𝑦 𝑤⁄  = 0.0625, 0.1875, 0.25 




Fig. 4. 31 Effect of overlap ramp applied to multi-stage devices on overall hydraulic 
efficiency as function of relative extended ramp. The non-overlap ramp is represented by 
the relative extended ramp 𝑦 𝑤⁄  = 0 
 
 




Fig. 4. 32 Comparison of overall hydraulic efficiency, reflection, transmission and loss 
rates of overlap ramp non-adaptive and adaptive device base on 𝑦 𝑤⁄  = 0.125 
 
However, the overlap distance has strong influence on the partial hydraulic efficiencies 
as shown in Fig. 4.33. By increasing the overlap distance, the amount of water collected by 
lower reservoirs is decreasing while that of the higher reservoirs is increasing. The overlap 
ramp reduces the gap between two consecutive ramps, as if the slot width is getting smaller 
and therefore the water can run-up smoothly. The increase in energy captured by lower 
reservoirs compensates for the decrease of the higher ones giving insignificant change in 
overall efficiency. This affects the strategy of power extraction process via multi-stage 
turbines. The water capture mechanism of both run-up and fall-down processes are shown 
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(a) Overlap ramp of adaptive device (w1 is 1.4𝑤 ) 
 
 




(c) Overlap ramp of adaptive device (w1 is 0.6𝑤 ) 
 
Fig. 4. 33 Partial hydraulic efficiencies of each reservoir versus the relative extended ramp 
 




t + 0.2T 
 
t + 0.4T 
 
(a) Overlap ramp of adaptive device (w1 is 1.4𝑤) 
   
(b) Overlap ramp of non-adaptive device (w1 is 1.0𝑤) 
   
(c) Overlap ramp of adaptive device (w1 is 0.6𝑤) 
Fig. 4. 34 Water flow run-up processes of overlap ramp multi-stage device based on  
𝑦 𝑤⁄  = 0.25 at different time 
 
t + 0.6T 
 
t + 0.8T 
 
t + 1.0T 
 
(a) Overlap ramp of adaptive device (w1 is 1.4𝑤) 
   
(b) Overlap ramp of non-adaptive device (w1 is 1.0𝑤) 
   
(c) Overlap ramp of adaptive device (w1 is 0.6𝑤) 
Fig. 4. 35 Water flow fall-down processes of overlap ramp multi-stage device based on 
𝑦 𝑤⁄  = 0.25 at different time 
- 80 - 
 
4.5 Effect of submerged depth on the performance of multi-stage of OWECs  
The second investigation concerns the influence of submerged ramp on the performance 
of land-based OWEC. The parameter Rs is varied within the range 2 to 8 m with a 2 m 





Fig. 4. 36 Schematic of multi-stage device to study the effect of submerged depth on 
performance 
 
4.5.1 Multi-stage OWEC installed on breakwater 
The investigation concerns the influence of submerged ramp on the performance of land-
based OWEC. Table 4.9 summarizes the specification of submerged ramp. 
 
Table 4. 9 Parameter of submerged depth study 
Relative freeboard, Rc4 /H [-] 1.0 
Relative slot width, 𝑤 𝑅⁄  [-] 0.2 
Submerged depth, Rs [m] 2, 4, 6, 8 
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The overall performance of land-based device is considerably superior compared to that 
of stationary devices with equivalent submerged ramp as shown in Fig. 4.37. For small 
depth, extending the submerged part of ramp results in relatively great performance 
enhancement. Further extending the ramp gives gradual increase in efficiency and tends to 
converge to a certain value. Fig. 4.38a and 4.38b show partial efficiencies of different 
submerged depth. The overall performance enhancement is achieved by increasing the 
energy captured by the highest reservoir, while the lower ones are unaffected. 
 
 
Fig. 4. 37 Overall hydraulic efficiencies of single- and multi-stage device as function of 
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(a) Partial hydraulic efficiencies of each reservoir of multi-stage devices are installed on 
breakwater as function of relative submerged depth 
 
 
(b) Partial hydraulic efficiencies of each reservoir of single- and multi-stage devices based 
on relative submerged depth of 1.0 
 
Fig. 4. 38 Effect of submerged depth on overall hydraulic efficiencies of OWEC devices 
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In case of stationary buoyant devices, a portion of un-captured energy transports with 
transmission wave. However, a portion of this wave and its energy transforms and run-up, 
then overtop into reservoirs in case of land-based devices, resulting in greater efficiency as 
seen in Fig. 4.39a - 4.39b. Increasing the submerged depth is similar to the effect of wave 
behavior in shoaling water. Wave shoaling is the effect by which surface waves entering 
shallower water, resulting in change in wave height, and therefore the amount of water in 
the higher reservoirs is increasing. 
 
 
(a) Multi-stage device without breakwater 
 
(b) Multi-stage device installed on breakwater (Rs /H = 1) 
 
(c) Multi-stage device installed on breakwater (Rs /H = 2) 
Fig. 4. 39 Water flow into reservoirs of multi-stage device with and without breakwater 
 
The OWEC device installed on breakwater gives significant performance enhancement 
compared to stationary buoyant device. This is because the breakwater eliminates 
transmission wave and converts part of it into overtopping flow. As the draft is deepened, 
the efficiency increases and finally tends to converge to a certain value. 
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4.6 Effect of span on the performance of multi-stage of OWECs 
Three-dimensional device and its effects on the performance of the multi-stage OWEC 
are investigated and compared to that of two-dimensional device. The baseline model is 
based on the device with slot width of 0.4 m and the submerged depth of 8 m which is 
installed on breakwater.  
 
  
(a) Top view 
 
(b) Side view 
 
Fig. 4. 40 Schematic of three-dimensional domain to study the effect of span on the 
performance of multi-stage device 
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The span length of breakwater is the main parameter to study the effect of three-
dimensional geometry on the performance of the wave energy device. The parameter LB is 
varied within the range 0.5λ to 1.5λ m with a 0.5λ m increment. The schematic of domain 
shows in Fig. 4.40. 
Grid system of three-dimensional computational domain follows that of two-dimensional, 
that is, the number of cells per wave height is 20 cells and 100 cells per wavelength is 
utilized. Adaptive refinement is also applied which gives a dense mesh in the vicinity of 
free surface and device, as illustrate in Fig. 4.41 and 4.42. 
 
(a) Side view (cut section) 
 
 
(b) Top view (near device) 
 
Fig. 4. 41 Mesh of three-dimensional domain 
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In spite of many validations of the two-dimensional model presented in the last section, 
it would be better to validate the numerical tool again for this three-dimensional study 
since three-dimensional model can sometimes lead to significantly different results 
compared to that of two-dimensional model. The generated wave profile is shown in Fig. 
4.43 along with calculated wave using linear wave theory. It can be seen that the generated 
wave using dynamic mesh gives well agreement with the calculated linear wave. 
 
 
Fig. 4. 43 Numerical wave tank validation in three-dimensional domain.  
The generated wave profile is compared with linear wave theory.  
(Surface elevation at x = 1λ) 
 
The overall hydraulic efficiency of three-dimensional device with different span lengths 
are plotted in Fig 4.44 in comparison with that of two-dimensional device. It can be seen 
that the three-dimensional effects play an important role in the wave energy capture 
mechanism as the device with the shortest span gives relatively lowest efficiency, while 
increasing span length gives greater performance which seemingly tends to converge to 
that of device with infinite span, i.e., the two-dimensional device. This is analogous to the 
difference between two- and three-dimensional wings as the wider aspect ratio gives 
greater lift coefficient, whereas the shorter one results in a lower lift coefficient due 
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vortices generated at wing tips. The three-dimensional OWEC model has finite span 
possessing tips, which results in wave falling-down at the tips during the run-up process as 
seen in Table 4.10. As a result of this, the wave at the tip cannot run-up as high as wave 
near the centerline. This consequently has noticeable influence on the amount of water 
being stored by the higher reservoirs, while those of lower ones have relatively smaller 
effects as presented by the partial hydraulic efficiencies in Fig 4.45. It is suggested to 
install a guide vane at tips of the device which could prevent or reduce the mentioned 
three-dimensional effects and hence increase the effective span of the device, similarly to 
what winglets of aircraft do. Moreover, the graphic of wave elevation in three-dimensional 
domain is shown in Fig. 4.46. 
For this research, a regular wave has been utilized for all simulations. However, the 
natural ocean waves are irregular waves which are more complicated. In the future, it is 
suggested to study the performance of the devices operating in irregular wave conditions. 
 
 
Fig. 4. 44 Overall hydraulic efficiency of multi-stage OWEC in three-dimensional 
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Fig. 4. 45 Partial hydraulic efficiencies of each reservoir of multi-stage devices as function 
of relative breakwater length. The two-dimensional result is represented by the relative 
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Table 4. 10 Wave elevation of three-dimensional simulation of multi-stage OWEC 








t + 0.2T 
 
t + 0.2T 
 
t + 0.2T 
 
t + 0.4T 
 
t + 0.4T 
 
t + 0.4T 
 
t + 0.6T 
 
t + 0.6T 
 









4.7 Scenario of overtopping wave energy converter in Thailand
Thailand's energy resources can be divided into different proportions, as shown in Fig.
4.47. It can be seen that most of the energy utilization relies on natural
comes from alternative energy resource. However, the Thai government continues to 
encourage and find ways to utilize alternative energy as seen from a 10
promote the use of alternative energy to 25 %
proportion of alternative energy derived from marine energy, it is projected to be 2 MW.
 
Fig. 4. 47 Energy Sources





Natural Gas Coal or Lignite
Renewable Energy Fuel oil or Diesel
 92 - 
 
 
 gas while only 5 % 
-year plan to 
 as shown in Fig. 4.48. Considering the 
 
 
 of Thailand in 2012  
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Fig. 4. 48 Ten year alternative energy development plan of Thailand 
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According to Fig. 2.5 and 2.6, the annual mean wave power in Andaman sea and gulf of 
Thailand is approximately 2 - 4 kW/m. Although the wave potential in Thailand is 
relatively low, it is possible to harvest the energy via an efficient device. In this research, 
we have studied the performance of overtopping wave energy converter. The device will 
be applied to the sea area in Thailand. As shown in Fig. 4.49, it can be seen that the 
significant wave height in the southern part of the country is around 1 - 2 m in average, 
corresponding to the wave height studied in this research. However, some parameters such 
as wave period and water depth are different from the conditions used in this research. In 
order to achieve a similar performance to the current research, it may be necessary to 
adjust the size of the device since matching the dimensionless numbers is a key to achieve 
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(a) Significant wave height in Gulf of Thailand 
 
(b) Significant wave height in Andaman Sea 
Fig. 4. 49 Significant wave height with wave direction around Thailand  
(Ocean weather, 2017) 
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The overall hydraulic efficiency of the multi-stage seabed structure device can be over 
50 %. By taking into account the reservoir efficiency, turbines efficiency, generator 
efficiency and three-dimensional effects, the overall performance is approximately 33 %. 
Areas of interest are Phuket and Nakhon Si Thammarat, as shown in Fig. 4.50. Phuket is 
located in the south west of Thailand while Nakhon Si Thammarat is located in the south 
east of Thailand. Since Phuket is an extremely popular tourist destination, it is unsuitable 
to install any equipment. On the other hand, Nakhon Si Thammarat Province is facing the 
problem of coastal erosion as seen in Fig. 4.51. If the device is installed at this location, in 
addition to energy utilization, it can also reduce the severity of coastal erosion. If the target 
is 100 kW, the length of the device is approximately 150 m, based on the available wave 




Fig. 4. 50 Southern of Thailand map (South Thailand) 
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(a) Coastal erosion 
 
(b) Breakwater 
Fig. 4. 51 Beaches and coastlines in Nakhon Si Thammarat, Thailand 
(Department of Marine and Coastal Resources, Thailand, 2007) 
- 98 - 
 
 
Chapter 5 Conclusions and perspectives 
A numerical investigation has been performed using two- and three-dimensional RANS 
simulations in order to study flow physics and performance of wave energy devices used to 
harvest ocean wave power based on overtopping principle. Firstly, the wave flume has 
been validated. The airy wave is generated as an incident wave in the present study using 
dynamic mesh in which the generated wave profile agrees well with the linear wave theory. 
Moreover, the VOF model used in the present study is validated in comparison with 
laboratory experimental data and a comparable study. Additionally, it has been shown that 
the measured overtopping rates from the present study are in satisfactory agreement with 
the predicted discharges using analytical solutions proposed by a comparable study. 
Several geometrical design strategies have been utilized in order to study their effects on 
the performance of the stationary buoyant overtopping wave energy converter. The 
hydraulic efficiency based on captured crest energy is the main performance indicator in 
the present study.  The use of multi-stage reservoirs and their corresponding opening with 
a lower crest height, more precisely a slot, is applied to maximize the efficiency. Two 
different layouts of multi-stage OWEC: fixed slope and variable slope device have been 
investigated and compared to the baseline single-stage device. The results show that, for 
multi-stage devices, the optimal performance based on hydraulic efficiency of multi-stage 
device exists at an intermediate value of slot width, particularly relative slot width of 0.15 
and 0.2 depending on design layouts. This results in a significant enhancement in energy 
captured and efficiency. The improvement is achieved by increasing the overtopping flow 
rate into the extra slots during both wave run-up and fall-down processes. However, the 
overtopping flow rate of the main reservoir is decreased which can be avoided by using a 
controllable gate or valve which manages to close the extra slots during wave run-up 
process and automatically open during wave fall-down process. 
Moreover, the fixed slope device is studied more in detail via application of adaptive slot 
width. The numerical results show that the overall hydraulic efficiency of non-adaptive and 
adaptive slot devices are nearly on par to each other. This can be concluded that the effect 
of adaptive slot width on performance can be negligible. 
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Another design strategy, overlap ramp, is investigated which is applied to both non-
adaptive and adaptive devices. The numerical results show that the overall hydraulic 
efficiency of the two layouts are approximately equivalent. The overlap ramp layout 
slightly affects the overall hydraulic efficiency of OWEC device. However, an increase in 
overlap distance gives enhancement of overtopping flow rate and hence the hydraulic 
efficiency of the main reservoir, while those of the lower ones is decreasing. This implies 
that the control strategy of power take-off unit, i.e., the multi-stage turbines might be 
affected. 
In addition, the effect of submerged depth of multi-stage device installed on breakwater 
has been studied. It has been shown that the OWEC device installed on breakwater gives 
significant performance enhancement compared to stationary buoyant device. This is 
because the breakwater eliminates transmission wave and converts part of it into 
overtopping energy. For small value of submerged depth, the performance is increasing for 
increasing the variable. Further increasing the depth, the performance finally tends to 
converge to a certain value, hence convergence trend of efficiency. 
All of above simulations is done on the basis of two-dimensional phenomena. The study 
of three-dimensional phenomena of overtopping flow has also been studied. As the aspect 
ratio of the device is widen, the overall hydraulic efficiency seems to  converge closely to 
that of  two-dimensional device. In order to increase the effective aspect ratio of the device, 
it is suggested to install a guide vane at the tips which could avoid the spanwise velocity. 
We strongly believe the present study is beneficial for understanding and validating the 
comparable experiment. A better understanding of overtopping flow mechanism explained 
in the present study could therefore provide a guideline in the field of OWEC design. 
Further investigations are recommended in order to study the effects of the suggested 
control strategies and also the irregular wave conditions. Moreover, the experiment is also 
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